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Abstract 
Over the past two decades, nanoparticle materials have been the subject of enormous interest. These materials get their name 
from the extreme small particle size of their microstructure. By changing the particle into nanosize, it is an effective way to 
enhance the mechanical and physical behavior of nanoparticle materials. The corrosion resistance of nanoparticle materials in 
aqueous solutions is also of great importance in assessing a wide range of potential applications such as steam generator tubes 
and components, etc. In this paper, Co-Ni-Fe nanoparticles were coated on the stainless steel substrate using an electrodeposition 
technique. Different deposition times of 30, 60, and 90 mins (minutes) were performed during the process in order to study the 
variation in the particles formation. The working temperature of electrodeposition was constant at 500C in an acidic environment 
of pH 3. The effect of deposition time towards physical properties (composition, surface morphology and surface roughness), 
corrosion behaviour and mechanical property (microhardness) of Co-Ni-Fe nanoparticles were investigated in comparison with 
pure Cobalt nanoparticles. Co-Ni-Fe nanoparticles deposited at 30 mins produced the smallest particle size and the highest 
microhardness of 40.19 nm and 333 HV, respectively. The nanoparticles also experienced the slowest corrosion rate at 30 mins 
as compared to others. The increase of the deposition time led to an increment of particle size and surface roughness. The smooth 
surface obtained at 30 mins shows good corrosion resistance and higher microhardness than the others. It was observed that the 
decrement of deposition time improved the surface roughness, mechanical and corrosion properties. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
       
     In many engineering applications, surface coatings are used to increase the lifetime of components exposed to 
corrosion conditions. High mechanical and corrosion protective properties of nanoparticle alloy coatings are needed 
for the design and operation of devices, machine and structural systems in extreme environments [1, 2].  
The growing demand for coating systems has resulted in a large number of fabrication methodologies. The 
famous coating fabrication method is electrodeposition. Nanocoating can be produced in thickness ranging from 
micrometres to nanometres from this method. This is the major reason of the method gaining numerous good 
feedbacks from scientific community. The added value of this method is cost-effective and less time-consuming if 
compared to physical methods such as sputtering or evaporation. Moreover, by controlling deposition parameters 
such as deposition time, it is possible to achieve a remarkable change in the chemical composition, mechanical and 
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corrosion properties of electrodeposited materials [3]. 
Nowadays, nanoparticles become a useful way of improving material’s performance. Nanoparticle materials are 
characterized by their small particle sizes (<100 nm) and high volume fraction of particle boundaries, which often 
gives rise to unique physical and mechanical properties [4]. Since nanoparticle materials are characterized by their 
high volume fraction of particle boundary which may comprise as much as 10%í50% of the total crystal volume 
[5], their corrosion behavior may be quite different from those of their coarse-particle counterparts.  
 A good understanding of the relation between the corrosion properties of the nanoparticle materials and their 
microstructure is important. In addition, the compact morphology helps in lowering the dissolution rate. Besides, the 
edged morphology of the fine-particle coatings allows an easier access of corrosive species to the coating/substrate 
interface. Li et al. found that particle size has significant effect on the corrosion behavior of low carbon steel, which 
was produced by ultrasonic shot peening [6]. When the particle size is larger than 35 nm, the electrochemical 
behavior of the material had no significant difference. However, the corrosion rate decreased with the decrement of 
particle size. 
As for hardness, the material is expected harder if it has smaller particle sizes. There is a larger density of 
particle boundaries in nanoparticle metals if compared to fine-particle or coarse-particle metals. Those particle 
boundaries are responsible to disrupt the propagation of dislocations [5]. 
Surface roughness is important in terms of the density of surface molecules and the morphology of molecules on 
the surface. Fine surface in nanoparticle is necessary for homogeneously distributed particles with controlled 
uniform particle growth. The electrodeposition parameters such as pH, concentration, deposition time and current 
density are controlled to achieve optimal surface roughness. L. D. Rafailovic et al. reported that the surface 
roughness increases with increasing current density. This is due to the amount of crystal nuclei on the surface was 
enhanced, causing a more homogeneous grain size distribution and, therefore, formation of a smoother deposits [7]. 
Electrodeposition method can be used to synthesize the pure Cobalt (Co), Cobalt-Iron (Co-Fe) and ternary 
Cobalt-Nickel-Iron (Co-Ni-Fe) with the superior mechanical and physical properties by optimizing the operating 
parameters [8, 9]. In this work, the synthesis of Co-Ni-Fe nanoparticles by electrodeposition was conducted at 
different deposition times and the effect of such different deposition times on the surface roughness, corrosion and 
mechanical properties of Co-Ni-Fe nanoparticles were reported. 
 
2. Experimental 
 
Electrodeposition of nanoparticles. The standard specimen, pure Co and Co-Ni-Fe were electrodeposited onto 
stainless steel. Specimen with dimensions of approximately 50mm x 15mm x 10mm was cut from the stainless steel 
plate. The specimen was polished using emery papers of 400, 600 and 1200 grit sizes, followed by mirror polished 
using cloth polishing wheel machine. Stainless steel and graphite were used as cathode and anode, respectively. The 
pH was fixed at 3 with addition of HNO3, and the working temperature was set at 323 K. The deposition was 
performed at a range of current densities from 0.143 A/cm2 to 0.145 A/cm2, at different deposition times of 30, 60 
and 90 mins. Table 1 shows the chemical composition of Co and Co–Ni-Fe plating baths.  
Characteristics of nanoparticles. The phase formation of nanoparticles was characterized via ULTIMA IV FD 
3668N, X-ray diffraction (XRD) analysis. The samples were measured using a Cu target. The scan region (2ɽ) was 
ranged from 30q to 100o at a scan rate of 4o min-1. The morphology of the nanoparticles was analyzed using a Carl 
Zeiss SMT, Field Emission Scanning Electron Microscope (FESEM). FESEM micrographs were taken with electron 
beam energy of 10keV. 
 Corrosion Test. In order to evaluate the corrosion behavior of the nanoparticles, the potentiodynamic 
polarization test was conducted using GAMRY brand equipment. The linear polarization technique was preferred 
over Tafel polarization technique to monitor corrosion current.  All corrosion tests were conducted in 0.25 M NaSO4 
at room temperature using an electrochemical interface. The open-circuit potential (Eoc) was monitored for 120 
seconds to allow the working electrode to reach a steady state and the potentiodynamic polarization scan was 
commenced from í0.5V  below Eoc up to +0.5 V SCE with a scan rate of 0.5 mV/s. 
Mechanical property of nanoparticles. The microhardness of the sample was measured by a MITUTOYO 
MVK-H1, Vickers Microhardness technique by applying 200 gram load. The final microhardness values quoted 
were an average of 5 measurements performed on different locations in the center section of each nanoparticle 
surface. In order to confirm that the substrate had no effect on the hardness value, the depth of indentation for all 
hardness measurement was less than 1 μm. An Optical 3D Surface Metrology with Alicona Imaging brands was 
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used to study the kinetic roughening of Co-Ni-Fe nanoparticles. 
 
 
 Table 1. Chemical composition of Co and Co-Fe-Ni plating baths 
 
Solution CoSO4·7H2O 
(M) 
NiSO4·6H2O 
(M) 
FeSO4·7H2O 
(M) 
H3BO3 
(M) 
Saccharin 
(M) 
Co 0.075 - - 0.04 0.01 
Co-Ni-Fe 0.075 0.2 0.03 0.04 0.01 
 
 
 
3. Results and discussion 
 
3.1 Phase and Crystallographic Structure. 
 
XRD patterns of all the nanoparticles were measured from 2ș angle of 30q to 100q using Cu KĮ radiation. X-ray 
diffraction patterns of Co and Co-Ni-Fe nanoparticles (30 mins) are shown in Fig. 1.  
 
 
 
Fig. 1. XRD patterns of electrodeposited Co and Co-Ni-Fe nanoparticles (30 mins) 
 
The XRD patterns of all Co-Ni-Fe nanoparticles show similar pattern regardless the effect of deposition time. 
Fig. 1 show the XRD patterns for Co-Ni-Fe nanoparticles which prepared at 30 mins. The Co-Ni-Fe nanoparticles 
revealed the characteristic peaks of CoNi and NiFe, which indicated that the nanoparticles are having face-centered 
cubic (fcc) and body-centered cubic (bcc) structure, respectively. No other hcp phase was detected on these Co-Ni-
Fe patterns. The occurrence of fcc structure for Co-Ni-Fe nanoparticles is in conformity with the results reported by 
Ref. [10]. The peak was identified with JCPDS No. 10745694. Other phase detected on Co-Ni-Fe patterns is bcc 
phase and it was identified with JCPDS No.3-1208. The bcc phase was also found by Sundaram in their fabrication 
of Co-Ni-Fe nanoparticles [11]. The characteristic peaks correspond to fcc (111), bcc (200), bcc (220), fcc (220), 
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bcc (311) and fcc (311) planes. The data showed the peaks were indexed for nanoparticles at scattering angles (2ș) 
of 44.04o, 51.81o, 74.7o, 76.00o, 90.71o and 92.43o. The standard specimen, pure Co nanoparticles had peaks 
correspond to (110), (002), (101), (200), (110) planes. Those characteristics peaks were identified as hexagonal 
close packed (hcp) phase with JCPDS No. 50727, while all Co-Ni-Fe nanoparticles exhibited bcc+fcc structure.  
All of the average crystallite sizes of Co-Ni-Fe nanoparticles were smaller than the crystallite size of the pure Co 
nanoparticles.  Table 2 shows the crystallite sizes of Co-Ni-Fe nanoparticles were slightly increased when the 
deposition time was longer. However, it is also noticed that the gap between crystallite size and particle size was 
big. Basically, crystallite size was calculated using Scherrer’s formula, assuming no crystal defect and voids. So, it 
can be summarized that the larger particle size may be due to polycrystalline, voids and crystal defect. 
 
 
                                Table 2. Crystalline size, Particles size and Corrosion rate of Co and Co-Ni-Fe nanoparticles 
 
Solution Crystallite 
size (nm) 
Particle 
size (nm) 
Corrosion rate 
(mpy) 
Co 44.3 79.70 3.685 
Co-Ni-Fe (30 mins) 25.6 40.19 0.689 
Co-Ni-Fe (60 mins) 31.3 55.95 3.658 
Co-Ni-Fe (90 mins) 32.5 96.95 10.69 
 
 
3.2 Morphology and microstructures 
 
Fig. 2 illustrates typical FESEM micrographs of Co and Co-Ni-Fe nanoparticles. It was surprisingly found that 
the pure Co particles have been bounded by flakes which indicated the tendency for the formation of snowflake-like 
morphology. Liu et al [12] reported that the hexagonal metallic Cobalt preferred to form snowflake-like 
microstructure when the reaction time was prolonged within 12-24 hours. Consequently, the average particle size 
was increased and snowflake-like structure gradually forms. 
Co-Ni-Fe nanoparticles morphology is thoroughly different to the one of Co nanoparticles. The Co-Ni-Fe 
nanoparticles had full and compact irregular structure. The surface of Co-Ni-Fe nanoparticles exhibited much denser 
structure and the number of pores was found to be decreased as compared to the Co nanoparticles. All the Co-Ni-Fe 
nanoparticles with different deposition time showed the same surface structure and morphology. The existence of 
the almost spherical particles has formed the interphases known as particle boundary. The number of boundary in 
the Co-Ni-Fe microstructure was increased due to the disoriented arrangement and alignment of the nanoparticles. 
This mismatch orientation of the particles make the arrangement of atom boundary became more complicated and 
disordered. This phenomenon has led to the formation of high volume fraction of particle boundaries in the Co-Ni-
Fe nanoparticles with reduction of particles size [13].  
It was observed that most of the particles sizes of the nanoparticles were less than 100 nm. The particles size of 
Co-Ni-Fe nanoparticles prepared at 30 mins (40.19 nm) and 60 mins (55.95 nm) was comparatively smaller than the 
particles size of Co nanoparticles (79.70 nm). However the particles size of Co-Ni-Fe nanoparticles prepared at 90 
mins is 96.95 nm. The agglomeration has taken placed in the pure Co nanoparticles and Co-Ni-Fe nanoparticles 
prepared in 90 mins deposition times. Furthermore, it was noted that the Co-Ni-Fe nanoparticles prepared at 90 mins 
were larger and intended to combine and coalesce with each other to form agglomerates [13].  
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Fig. 2. FESEM micrographs of (a) Co, (b) Co-Ni-Fe nanoparticles (30 mins) and (c) Co-Ni-Fe nanoparticles (90 mins) 
 
3.3 Corrosion behavior 
 
The corrosion performance of the Co-Ni-Fe nanoparticles was evaluated in 0.25 M NaSO4 with 200 ml 
electrolyte and the testing was conducted at the pH 4±0.5. The corrosion rate for Co and Co-Ni-Fe nanoparticles are 
shown in Table 2. Generally, the corrosion rate is relatively stable versus testing time. Co-Ni-Fe prepared at 30 mins 
time deposition was found to have the lowest corrosion rate due to the formation of its stable oxide nanoparticles. It 
can be seen that smaller particle size improves the corrosion resistance of the material.  
Table 2 indicates the corrosion rate of Co-Ni-Fe prepared at 90 mins showed the highest value compared to 
others.  This is due to the existence of many voids and agglomerated particle in the microstructure. It is possible that 
the preferential location for corrosion is located at the connecting points of the particles. Hence, the corrosion 
resistance of a nanomaterial might be improved by minimizing voids, agglomerates and particle size. 
 
3.4  Microhardness 
 
Microhardness was measured with average 10 measurements for each nanoparticles using a Vickers 
Microhardness. The microhardness for Co-Ni-Fe nanoparticles in 30 mins deposition was found to be higher than 60 
and 90 mins depositions time as shown in Fig. 3. This was related to smaller particle that created greater number of 
particle boundaries. These particle boundaries act as the barriers to stop the dislocation motion or change the 
dislocation direction. Thus, the material became harder and plastic deformation in the material can be prevented due 
to the restricted motion of dislocation defect in the Co-Ni-Fe microstructure [14, 15]. The hardness increment was 
also affected by the particles compaction in the 30 mins deposition of Co-Ni-Fe nanoparticles. This compact and full 
irregular structure resulted in the reduced quantity of void formation and consequently improved the hardness of the 
Co-Ni-Fe nanoparticles sample. Overall, Co-Ni-Fe nanoparticles had better hardness than pure Co nanopartilces 
(212 HV). 
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Fig. 3. Microhardness versus deposition time of Co-Ni-Fe nanoparticles 
 
3.5 Surface roughness 
 
The surface roughness, Ra was increased with the addition of deposition time as shown in the Table 3. It is 
assumed that formation of hydrogen bubbles at peaks was reduced with shorter time process.  
 
    Table 3. The surface roughness of Co and Co-Ni-Fe nanoparticles in different deposition time 
 
Deposition time Surface roughness, Ra (nm) 
Co 
Co-Ni-Fe (30mins) 
2018 
682 
Co-Ni-Fe (60mins) 895 
Co-Ni-Fe (90mins) 1632 
 
The increment of the surface roughness in Co-Ni-Fe nanoparticles prepared at 90 mins may be due to the 
presence of voids. During the Co-Ni-Fe electrodeposition process, deposition time is generally related with 
hydrogen evolution. The hydrogen can be attached as an adsorbed molecule at the electrode surface during the 
electrodeposition. The rate of electrodeposition is inhibited at the sites of hydrogen attachment, which results in the 
observed voids on the plated surface [16].  
The deposition in short time (30 mins) resulted in smooth coating compared to others. Theoretical study reported 
the growth of rough and fractal surfaces during deposition [16]. This growth of surface roughness is controlled by 
local and non-local effects such as diffusion of metal ion, heterogeneous rate of electron transfer, surface diffusion 
of adsorbed hydrogen atom (adatoms), and adsorption/desorption kinetics of Co-Ni-Fe. In addition, the decrement of 
surface roughness at 30 mins deposition may be due to the formation of initial cluster with smaller particle size and 
dense population as a result of the rise in the nucleation density [17].  Large nuclei would be expected to form at 
longer time process when surface diffusion of adatoms on the deposited surface was unhindered. Consequently, the 
surface roughness of the nanoparticles was increased. 
 
4. Conclusion 
 
Co-Ni-Fe nanoparticles with various deposition times were successfully prepared by electrodeposition process in 
acidic environment. The particle sizes of Co-Ni-Fe nanoparticles in different deposition times were in the range of 
40.19 nm to 96.95 nm. The particle size was affected by the deposition time. From the result, the particle size was 
found to be smaller with the reduction of deposition time. The average microhardness of the Co-Ni-Fe nanoparticles 
decreased with the addition of deposition time. On the other hand, the corrosion was accelerated with the increment 
of deposition time. The existence of voids formation and agglomerated particles was the major factor to deteriorate 
the properties of Co-Ni-Fe nanoparticles. 
From the work, it can be concluded that the deposition time plays an important role to obtain better performance 
of Co-Ni-Fe nanoparticles coated on stainless steel. Thirty minutes of deposition time is favorable to produce Co-
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Ni-Fe nanoparticles with better properties in corrosion resistance and microhardness. In order to obtain smaller 
particle size and less surface roughness of Co-Ni-Fe nanoparticles, it is necessary to deposit the nanoparticles at 
shorter time. Overall, the ternary alloys (Co-Ni-Fe) nanoparticles showed improved properties (microhardness, 
roughness and corrosion behavior) than the pure Co nanoparticles.  
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